Strong directional, and to some degree stabilizing, selection usually erodes only additive genetic variance while not affecting dominance variance. Consequently, traits closely associated with fitness should exhibit high levels of dominance variance. In this study we compile a large number of estimates of dominance variance to determine if traits that are subject to strong selection and/or are closely associated with fitness have higher levels of dominance variance than traits less subject to selection pressure. Estimates were taken from the literature for both wild and domestic species and each group was treated separately. Traits closely associated with fitness (life history) had significantly higher dominance components than did traits more distantly related to fitness (morphology) for wild species. No significant differences were found between life history and morphological traits for domestic species. Traits that were known to have been subject to intense directional selection (morphological traits for domestic species) had significantly higher dominance estimates than did traits that were assumed not to have been subject to strong selection (morphological traits for wild outbred species). The results are discussed with respect to the maintenance of heritable variation and the bias introduced in the calculation of the full-sib heritability estimate by high levels of dominance variance.
Introduction
The genetic architecture of a quantitative trait is composed of additive (Va), dominance (Vd), epistatic (Vj) variance and interactions of all three components (Bulmer, 1985) . Of most importance to the transmission of a trait from one generation to the next and for predicting the short-term response to selection is the narrow sense heritability, h2, the ratio of additive variance to phenotypic variance. Dominance variance is generally not considered important as it does not predict the response to selection (Fisher, 1930; Lynch, 1994) . However, dominance variance can affect the heritability of traits during bottleneck events where nonadditive genetic variance (both dominance and epistatic) can be 'converted' into or affect additive genetic variance and therefore become available for selection to act upon (for a review see Carson, 1990) . General patterns of dominance variance have been predicted by a number of theoreticians (Lynch, 1994) ; although mechanisms of the evolution of genetic dominance are different among the theories, all *Correspondence. agree that traits closely associated with fitness should exhibit high levels of dominance variance. Despite this, few studies have examined the prevalence of dominance variance in traits of evolutionary significance and how selection influences the level of dominance for traits closely and more distantly related to fitness.
Strong directional selection (and to a lesser degree, stabilizing selection; Lee & Parsons, 1968; Lacy, 1987 ) is predicted to erode additive genetic variance and, subsequently, decrease the heritability of a trait (Felsenstein, 1965; Lande, 1988; Turelli, most closely associated with fitness are predicted to have low heritabilities and subsequently relatively high dominance components (Wright, 1929; Haldane, 1932; Lerner, 1954; Fisher, 1958) . A number of studies Willis et a!., 1991; Partridge, 1994) have shown that life history traits, which are assumed to be closely connected to fitness, have low heritabilities while morphological traits, which are assumed to be more distantly related to fitness, have high heritabilities (behavioural and physiological traits are usually intermediate to the above two types of traits). Because selection usually erodes only additive genetic variance (Lynch, 1994) , although changes in gene frequency may also cause changes in nonadditive variance as well, one would predict that the opposite pattern should be found in terms of dominance variance: life history traits should have relatively high levels of dominance variance while morphological traits should have low levels of dominance variance. In addition to eroding additive variance, selection is also expected to act directly on genetic dominance, resulting in a further relative increase of dominance variance to total genetic variance (Mather, 1979; Lynch, 1994 ). Fisher's (1958) theory predicts that dominance will evolve in both magnitude and direction of increasing fitness. Although Fisher's theory of the evolution of dominance has been strongly criticized (for a review see Charlesworth, 1979) , empirical investigations have confirmed the last point (Breese & Mather; 1960; Kearsey & Kojima, 1967; Lynch, 1994 and references therein) . On a per species basis, few studies exist that have examined changes that occur as a result of selection acting on the genetic architecture of quantitative traits. For the most part, strong selection does decrease additive variance and, in most cases, heritability, although in some cases the decreases are relatively small (Kaufman et a!., 1977; Enfield, 1980) . Discrete traits such as dimorphisms that are controlled by some underlying normally distributed variable, when subject to strong directional selection may not experience an appreciable decrease in genetic variance because the intensity of selection declines very quickly over time (Roff, 1994 ).
Short compilations have been made of patterns of dominance and nonadditive variance in the past but these have been either qualitative (Kearsey & Kojima, 1967) or have reported quantitative results of only a few traits for a few species (see for a review). This study is the first to attempt a compilation of a large number of estimates conThe Genetical Society of Great Britain, Heredity, 75, 530-540.
cerning the relative distribution of dominance variance across traits that are associated with fitness and/or subject to selection to different degrees.
The present study addresses two main questions. (i) How does the relative contribution of dominance variance change from one trait-type to another? Do traits that are closely associated with fitness have relatively high levels of Vd as predicted from theory?
(ii) Do patterns of Vd change from wild outbred species to domestic species for particular trait categories? Although we have no studies that have examined what changes occur in the genetic architecture of a trait in the presence of selection for a wide variety of traits and species, the above comparison will allow us at least to speculate how strong directional selection can change the relative contribution of Va and Vd to the genetic variance of a trait.
Materials and methods

Estimates of dominance variance
Three hundred and thirty-eight estimates of dominance variance were obtained from 55 sources; 17 wild outbred species and 21 domestic species. 
Vp
The variable Da was used to assess the relative contributions of dominance and additive variances irrespective of the phenotypic variance for a trait.
Although selection may affect V (Hayashi & Ukai, 1994) , most interest lies in how it affects the genetic architecture of a trait. Nevertheless, a high level of Vd may be inconsequential to a trait if it is small compared with V; for this reason, we also used the variable D. Negative variance estimates reported in the literature were standardized to zero (Kendall & Stuart, 1979 The analysis addressed two main questions. (1) Are there differences between trait categories for both measures of dominance? In conjunction, are the estimates biased because of over-representation of species and/or characters? If this is the case, then if significant differences exist between life history and morphological traits, are they maintained after correction for this bias? (2) Are there statistical differences between wild and domestic species in terms of the relative importance of dominance variance for complementary trait categories?
Statistical analysis and results
Predictions
Although a number of different theories exist to explain the evolution of genetic dominance, most agree that traits associated with fitness will tend to exhibit relatively high levels of dominance variance (Fisher, 1928; Wright, 1929; Haldane, 1932; Dobzhansky, 1952; Lerner, 1954; Kacser & Burns, 1981) .
Consequently, one would expect that life history traits, as they are closely related to fitness, should exhibit high levels of dominance variance in wild populations. Low levels of dominance variance are predicted for traits distantly related to fitness such as morphological traits. From previous theoretical (Lee & Parsons, 1968) and empirical (Falconer, 1981, table 10.1, p. 150; investigations concerning the relationship between fitness and heritability estimates, one would expect that behavioural and physiological traits should fall between life history and morphological traits . For behavioural traits at least, this is a valid assumption as Lee & Parsons (1968) proposed that such traits will be subject to strong stabilizing selection which would thus decrease heritability estimates for this class of traits. Making predictions about domestic species is more difficult as most were subject to strong directional selection at some point. Because of this, the only a priori prediction concerning dominance variance is that traits that are known to have been subject at one time to strong directional selection should exhibit high levels of dominance variance. The domestic data set is composed mostly of morphological traits indicating the importance of these traits in domestic breeding programmes. We therefore predict that morphological traits for domestic species should exhibit much higher levels of genetic dominance than such traits in wild outbred species.
I. Dominance variance and fitness
Because the reported estimates of D and Dfl are proportions, they probably violate the assumptions of parametric analysis (Sokal & Rohlf, 1981) . We therefore used nonparametric analyses to test for differences between trait categories. For the following analyses wild and domestic species were treated separately. Statistical tests for differences of estimates of dominance variance across trait categories were conducted by using the Kolmogorov-Smirnov & Kruskal-Wallis tests (Wilkinson, 1990) . In addition parametric ANOVA and Tukey HSD tests were used but the results for these were only reported when they differed from the above tests.
Wild outbred species Table ib ).
II. Analysis of study means
The above analysis may be biased because of the disparity in the number of estimates reported for each study (i.e. differences may result from one study with an inordinately large number of estimates). To circumvent this problem, we used single estimates for each trait category from each study. Where more than one estimate was reported for each trait-type (eg. morphology) for a given study, an average was used. This was done for estimates calculated using the variable D only, as not enough estimates were available for D0. Kolmogorov-Smirnov and Kruskall-Wallis tests were used to deter- mine if significant patterns still existed as compared to the above results. Table 2 and Fig. 1(b) show that the significant differences found between life history and morphology traits for the entire data set are still maintained when study means are used for wild outbred species: Kruskal-Wallis test; H = 9.879, P <0.020, n = 27 (see Table 2 for test statistics). As for the entire data set, the same results hold.
ill. Analysis of paired comparisons of ilfe history and morphological traits
To determine if the above patterns of dominance components were biased as a result of the overrepresentation of species or the over-representation of multiple traits measured for a given species, we chose individual studies that reported both life history and morphology estimates for a single species. As the only a priori prediction that can be made among the four trait categories with respect to associations with fitness is for life history and morphological traits, only these were used. We collected estimates from five wild outbred and eight domestic species. Where more than one estimate was reported for life history and morphology traits, a mean value was used in the analysis. A pairedsamples t-test was used to assess if the differences between life history and morphology traits were Parametric independent samples t-tests and nonparametric Kolmogorov-Smirnov paired comparisons were conducted on the three trait categories, life history, physiology and morphology for the variable D only, as not enough estimates were available for Dfl. Because a priori, we predict that domestic species estimates of dominance will be higher than wild outbred species estimates using morphological traits, the test was one-tailed. Table 3 lists the test results of the paired comparisons between wild and domestic species for both parametric and nonparametric tests: morphological traits were significantly different with estimates for domestic species being higher than wild species (t123 = -4.069, P <0.00005, see Fig. 2 top panel) , life history traits were not significantly different between wild and domestic species (t45 = 1.74, P<0.089, see Fig. 2 middle panel) and, finally, physiological traits were significantly different with estimates for domestic species being higher than wild species (t46 = -2.532, P<0.015, see Fig. 2 bottom panel) . The Kolmogorov-Smirnov tests tended to be more conservative than the independent samples t-tests where the only C The Genetical Society of Great Britain, Heredity, 75, 530-540. significant difference between wild and domestic species was for morphological traits (see Table 3 ).
Discussion
Our analysis supports the hypothesis proposed by a number of theoreticians concerning selection and traits related to fitness outlined in the introduction of this paper (references therein). Traits closely associated with fitness (life history traits) were found to have significantly larger dominance variance components than traits more distantly related to fitness (morphological traits) in wild species. These differences are maintained even when mean values are used. Because of low sample size, the nonsignificant results obtained from the paired comparisons analysis of life history and morphology traits for wild species must be viewed with caution. The relative contribution to genetic variance as a result of dominance was on average higher than that of additive variance for life history traits in wild outbred species. The nonsignificant differences (both individual values and mean estimates) found between life history and morphology traits in domestic species also lends support to theory as most captive breeding programmes concentrate on morphological traits, as is evidenced by the large representation of this category of trait in the literature. Further support of the theory comes from the comparison of wild and domestic species for morphological traits alone; the significantly larger mean value of D in domestic species indicates that traits subject to intense selection will have a greater proportion of genetic dominance contributing to genetic variance than those that are not. Life history traits have levels of dominance variance that on average may be as high or even higher than additive variance. Although dominance variance is inconsequential for certain methods of estimating heritability (half-sib, parent-offspring, P0), it may bias the h2 estimate for full-sib (FS) calculations. FS estimates are most commonly available for natural populations of vertebrates (Brodie & Garland, 1994) as paternity cannot be assessed for gravid females taken from the wild. These estimates include some dominance, epistatic and commonfamily environment (maternal) effects. By standardizing the environment during rearing or using a split-cage design, one can estimate, and thus eliminate, the common family environment variance (Falconer, 1989; Arnold, 1994) , but the same cannot be said of dominance variance. For a FS design the resemblance between siblings is measured as the intraclass correlation, t: where i = variance between groups and = variance within groups. The intraclass correlation describes the average level of relatedness between members of a group. To calculate a FS heritability the intraclass correlation must be multiplied by a factor of two. The FS estimate then includes (Becker, 1992) :
Va+Vd+Vi+2Vec
VP
Assuming J/ (epistatic variance) and Vec (common family environment variance) contribute little to the h2 estimate, dominance variance may significantly bias the heritability estimate in a FS analysis.
Although heritability estimates of morphological traits will probably not be strongly biased because of dominance variance, life history traits almost certainly will. With dominance variance being on average greater than additive variance (Table la) , life history traits that have a moderate to high heritability (i.e. h2 over 0.60) may have a FS heritability that is inflated by over 30 per cent (e.g. when h2 = 0.60 the estimate will give h2 = 0.90). As is evident, the FS heritability estimate does not represent pure additive genetic variance as a function of total phenotypic variance (Falconer 1989; Arnold, 1994; . Despite this, found no significant differences between FS and P0 regression estimates in a number of taxa. Nonetheless, their conclusions that the contribution of dominance and common environment effects are low is premature as their data set was limited primarily to morphological traits (27 of 33). Assuming low or no common environment effects, one would not expect significant differences between FS and P0 estimates for morphological traits as dominance variance contributes little to these types of traits (h2 inflation because Vd <10 per cent). Although it is not known to what degree total nonadditive genetic effects differ in magnitude among traits (Shwartz & Herzog, 1994; Dohm & Garland, 1993) , the contribution of dominance variance will vary depending on the type of trait examined (this study; Dohm & Garland, 1993) . Therefore, before deciding on a particular breeding design for estimating heritabilities, it is critical to take into consideration the types of traits being measured to obtain accurate estimates.
Most researchers discount the contribution dominance plays in the genetic architecture of traits as it is only additive genetic variance that predicts the short-term response to selection. Although this is true, dominance variance can play an important role in the maintenance of additive genetic variance.
Heterozygote advantage has long been recognized as a potential means by which heritable variance is maintained (Fisher, 1958; Falconer, 1981; Lacy, 1987 ; for a review see Futuyma, 1986 ; for counter arguments see Lande, 1988) . With dominance and over-dominance (greater phenotypic expression of the heterozygote over both homozygotes) at a number of loci controlling a quantitative trait such as growth rate, intense directional and to some degree stabilizing selection, will not erode as much additive variance as it would if the trait were controlled by a number of alleles whose actions were purely additive (Willis & Orr, 1993) . Although in this study we report the magnitude of dominance variance and not the direction, it is not unreasonable to assume that the direction of such dominance effects would be in the direction of increasing fitness (Fisher, 1958; Lynch, 1994) . The high levels of dominance variance found for life history traits could be a means by which such traits, although closely associated with fitness, may retain significant levels of additive genetic variance in the presence of selection.
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The presence of high levels of dominance variance may not only be a means by which heritable variance is maintained but under certain conditions may increase the amount of additive genetic variance that is available for selection. Classical' theory assumes that bottleneck events are expected to decrease the additive genetic variance to a level expected from inbreeding (Crow & Kimura, 1970; Nei et al., 1975; Lande, 1980; Falconer, 1981; Barton & Charlesworth, 1984; Carson, 1990) . Recent theoretical (Carson, 1990; Willis & Orr, 1993) and empirical investigations (Carson & Wissotzkey, 1989; López-Fanjul & Villaverde, 1989; Bryant & Meffert, 1991) have revealed that severe bottleneck events such as those where only one pregnant female survives (N0 = 2), may increase the level of heritable variation available for selection. Although the proposed mechanisms by which this could occur have not been empirically verified, it is assumed that the realized increase in additive genetic variance comes about by the erosion of epistatic genetic variance (through allelic fixation at regulatory loci) and the subsequent expression, and availability to selection, of previously masked additive variance (Goodnight, 1987; Cockerham & Tachida, 1988; Tachida & Cockerham, 1989 ; for a review of mechanisms see Carson, 1990) . Theoretical analyses have shown that unless alleles are completely additive in their heterozygous effects, population bottlenecks will increase the additive genetic variance (and subsequently, heritability) of a trait (Robertson, 1952; Willis & Orr, 1993) . It is well known that dominance variance at many loci affects a number of fitness components (Simmons & Crow, 1977; Crow & Simmons, 1983; Charlesworth & Charlesworth, 1987) . In the past the erosion of epistatic variance was considered the prime cause of increase in additive genetic variance in a number of empirical studies (Bryant et al., 1986; Ldpez-Fanjul & Villaverde, 1989) . However, recent considerations have now placed a greater importance on the effects of genetic dominance acting through changes in gene frequency as the cause (Willis & Orr, 1993) . Although such effects may be transient, the high estimates of dominance variance we found in wild species for life history traits may have profound effects on the heritability of such traits during extreme selection events such as occur in population bottlenecks.
Fisher's view that traits closely associated with fitness should exhibit low levels of additive genetic variance has been widely interpreted to mean low heritabilities (Falconer, 1981; selection for a number of generations for a large number of species. This is, at this time, an unrealistic goal. The next best thing would be to examine the relative differences that exist in the genetic components of traits for both life history and morphology traits. Although differences may exist in terms of phenotypic variance (irrespective of genetic variance) between morphological and life history traits, our data set reveals that significant differences also exist in the genetic parameters of the traits exclusive of V, (variable D in Table la and Fig. 1 ). Although these results do not rule out the possibility put forth by Price & Schluter, they suggest that selection on traits closely associated with fitness will tend to change the relative contribution of additive and dominance variance in the genetic architecture of traits, and therefore lend support to Fisher's theory.
